Abstract. This paper reviews the manufacturing of magnesium-based alloys prepared by powder metallurgy (PM) technique and analysis of the effects of PM parameter on the developed microstructure, texture and mechanical properties. Powder metallurgy (PM) technique has been considered to produce magnesium product with consideration of less complex, finer grain and improved mechanical properties. Selection of PM route especially sintering to full densification determines a good diffusion path of alloy for interparticle bonding. This paper discusses the preparation and process parameter of each processes in powder metallurgy route, and the evolved microstructure and mechanical properties of the magnesium-based alloy product.
Introduction
Magnesium alloys is lightweight metal generally known for its lightweight characteristic. Alloying enhances the mechanical properties of magnesium (Mg) alloys, which could meet the requirement for structural and industrial applications. However, it may also give contrast effect to the corrosion performance, as it susceptible in most of the environment. Limitation in Mg arises from the complication in production of the Mg itself, specifically by conventional ingot metallurgy (IM) casting method. With research on the manufacturing and forming of the Mg, the development of Mg by powder compaction technology is on demand to embrace the cost-effective and less complex manufacturing technology of Mg and its alloys. Powder metallurgy (PM) of Mg is of great potential technology and research on PM of Mg have been started since 1960's [1] - [3] . The unavoidable high cost and complex manufacturing depended to each route step of manufacturing from mineral to finished products, as illustrated in Fig. 1 . Mechanical and corrosion properties of the alloys can be modified by variation preparation and parameters during the PM route. However, a number of issues can also be arising during the PM process, especially residual porosity which associated with certain process such as compacting and sintering processes [4] . It was also caused by the reactive nature of molten Mg itself. In this process, a good diffusion path of the powder mixture is very important to ensure good compact of green densities and particle bonding, to produce perfect material structure. This may also be facilitated by the presence of a transient minority liquid phase. The selection of powder size, mixing, compaction and sintering parameters also can be controlled to reduce size and distribution of pore. Only by these, the microstructural design concepts can be applied to develop novel properties of Mg alloys. This paper reviews studies and research in producing Mg based alloys by using PM route and the effect on microstructure and mechanical properties. The research focuses the latest development of each technique including mixing and blending, binding and debinding, compacting and sintering applied to produce Mg based alloys product. 
Powder metallurgy (PM)

Powder Metallurgy Process of Mg Alloys
In general, PM can be used to ease the formability problem in Mg with added advantage of nearnet-shape processing. Metal powders including Mg are typically made by advanced gas atomizing techniques, in which the bulk metal was initially melted, and then atomized to the desired powder particle size. When the desired particle size distribution is obtained, the powder was ensure homogeneously blended with the alloying element prior to the compaction to avoid segregation and to maximize homogeneity. Although, excessive blending could modify the powder characteristics as a result of the formation of additional fine powder particles or by changing the particle surface [1] , [2] . The blended powder was further proceeding to the compaction at high pressure. The 'green' compacts are then sintered in a controlled atmosphere at a temperature lower than the melting point, but high enough to allow rapid diffusion between the powder particles. (PM) to manufacture metal product [3] .
Issues in PM Mg Alloys
Limited research has been done by PM routes to produce Mg products. The example of published research in the past 10 years, associated with PM method on Mg-based alloys is summarized as per Table 1 . The major issue in the development of the PM Mg is the availability of commercial Mg powders. Most commercial Mg powders are produced by mechanical grinding due to their low cost and less restrictive requirements as a reactant. The Mg powder angular morphology provides good green strength because of mechanical interlocking, however, the main challenge associated with PM process of Mg is they typically covered by a thick oxide layer during grinding. The layer contains oxides and hydroxides and carbonates due to long exposure to atmosphere during the grinding process. However, during compaction, the force exerted on the powder usually able to break the oxide layer. By further heating of the powder (sintering), any hydroxide or carbonate that is part of the layer decompose and will create pores in the layer as gas is released, and, rapid sintering subsequently take place [8] . However, diffusion can still be impeded, if no pore and no layer break between the powder particles. Die compaction and sintering are the most common methods of improving mechanical properties with low density, to maximize porosity and permeability. Increasing sintering time could lead to the increase in interparticle bonding and contribute to superior mechanical properties. The as-sintered microstructure is generally coarse due to the formation of residual porosity, and thus, further precipitation strengthening is needed.
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Effect on Microstructure and Mechanical Properties of PM Mg Alloys
The earlier powder metallurgy process on Mg powder was initiated by Jones and Williams [2] , by alloying with beryllium. Formation of MgBe13 particles along with the α-Mg matrix was evidenced from the process, however the result provided was still limited. Crossland and Jones [3] were then further observed the improvement of creep performance of the sintered Mg powder as compared to the conventional casting method of the polycrystalline Mg, due to oxide particle formation. Cao et.al [20] successfully fabricated Mg-Al by PM process, although due to low diffusion rate of Al during sintering, some Al were found concentrated at certain localized region and formed Mg17Al12 particles. This finding was supported by studies highlighted by [13] , [21] . The research conducted mixing by mechanical agitation to produce the Mg alloy mixture, before proceeding to compaction with high pressure at 600 MPa, sintering and further extruded. With Al addition, an increase in mechanical strength of the Mg is proved. Lesz et al. [11] studied preparation of AZ91 Mg alloy by PM route and found that the addition of Si to the mixture formed dendritic microstructure and distribution of Mg2Si, Mg17Al12 and AlMg2Zn phases. The Mg powder was produced by gas atomization, consolidated by compacting at 300°C and extruded into bar. Zhang et al. [22] applied argon gas atomized to produce ZK60 Mg alloy powder with particle size of 102 micron meter in diameter. The powder was then compacted at 200°C up to the pressure of 360 MPa, and further extruded at varied temperature. The study revealed modification of deformation behaviour with higher extrusion temperature, associated with dynamic recrystallization at 250°C and grain growth occurrence at 300°C. Tensile properties also improve with the precipitation of MgZn2 finer precipitates.
Among the other applications, recent interest work by using similar technique and manufacturing equipment as structural PM components is the manufacturing of porous PM material. Porous PM materials are commonly sintered to densities between 25 and 85% of theoretical mean density (TMD), while structural PM parts are typically 85-99.9% of TMD. Porous Mg and Mg alloy foam manufactured by powder metallurgy route appear as great potential for biodegradable implant. Due to their biocompatibility and low stress shielding problems compared to other alloys, Mg able to serve as suitable bone implant with further research and development. The use of space holder agent to produce porous Mg alloy by PM route was applied by [4] , [12] , [17] , [24] - [26] . Recently, Annur et al. [4] added carbamine particles in Mg-Zn Ca mixture powder, pressing at 1 MPa and 2 MPa, before further sintered at 250°C for 4 hours and 610°C for 5 hours in a tube furnace. The addition of more carbamine increase the porosity of Mg alloy but decrease the mechanical properties of the alloy. The findings are in good agreement with the result of Aghion et al. [12] . According to Aghion et al., the level of porosity greater with the addition of space holder, compared to the foam without the space holder. However, contrast effect was revealed on the corrosion resistance, where greater porosity content significantly reduced the corrosion resistance of the Mg alloy when exposed in human body fluid. Singh and Bhatnagar [19] worked in developing a porous Mg structure for bone graft, and applied Ti woven wire mesh (~300 µm) as the space holder agent. The use of wire mesh causing much easier fabrication of Mg porous structure, with zinc acts to enhance the strength of the Mg alloy, and suitable for bone graft application. Fig. 2 displays the microstructure of hot vacuum pressed WE43 Mg alloy powder, which indicated a full dendritic structure. The microstructure was not found in common WE43 ingot alloy, however, similar second phase precipitate distribution was revealed in the PM alloy. Different in processing of WE43 alloy gives significant impact on the texture strength of prepared alloys. Gonzales et al. [23] also revealed differ in microstructure features of extruded conventional cast process (CP) and PM alloy (Fig. 3) . The processing route strongly dictated the deformation behaviour of Mg-Ni-Y-CeMM alloys, associated with the formation of second phase particles. It was revealed that the fine precipitates of Mg24Y5 only formed in PM alloy, and homogeneously dispersed in the Mg matrix. While, the second phase particles in cast alloy distributed in bands along the extrusion direction. • Cu and Al addition increase the mechanical properties due to the formation of particle Cu-Al particles, but decrease the strain due to monolithic mg [13] Iwaoka et al. • The chosen method is suitable to prepare porous cell structure, and much safer than other method • Zinc act as reinforcement of the alloy strength, by forming liquid phase [19] Key Engineering Materials Vol. 796
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Harun et al. [27] - [30] studied the manufacturing of ZK60 Mg alloy by applying metal injection molding (MIM) process. They successfully injection moulded the Mg alloy at moulding temperature of 190°C and injection pressure of 900 kN with very low ejection parameters. The used of palm stearin (PS) and low linear density polyethylene (LLDPE) as binder system, was capable for necessary flow ability of the powder alloy with the powder loading used of 64 vol.% and the balance was PS and LLDPE with the fraction of 60/40 by weight percent. Wolft et al. [31] compared Mg-0.9Ca bone screw produced by MIM technique with the use of binder including stearic acid (SA), parafin wax, polypropylene (PP), polypropylene-copolymer polybutylene (PPco1PB) and polyethylene-vinylacetate (PE-VA), as shown in Fig. 4 . From the figure, parts (left) is the green part after MIM, the middle shows solvent debond green part and the silvery screw is the sintered part. A significant enhancement in strength was revealed by using 5 wt.% of backbone polymer in the binder system of the feedstock, which were the polypropylene-copolymer polybutylene (PPco1PB) and polyethylene-vinylacetate (PE-VA), instead of using 35 wt.%. It is therefore, essential to provide appropriate backbone polymer binders in order to enabling failurefree green part production through injection molding techniques.
Earlier investigations [7] , [32] confirmed that Mg-RE alloys are characterized by weak texture with the applicability for higher strength and formability. Kubasek et al. [7] compared the texture of the WE43 PM and cast ingot alloy and revealed that PM alloy having weak texture than the ingot alloy with most of the grains having non-basal ‹1010› texture, aligned with the extrusion direction. It was reported that rare earth element (Zr and Y) suppresses the formation of basal texture and contributes to the weak fibre texture. In addition, the atomized process of the Mg and alloying powder, significantly added in contributing to the weakening of the alloy texture associated with the higher concentration of the alloying element and thus, promoted nucleation of dynamic recrystallization, refined grain size, and also solid solution strengthening. Left screw is the green part, solvent debind part in the middle and sintered part is the silvery screw [31] .
Garces et al. [9] pointed out that the texture in extruded Mg powdered alloy is weak, eventhough extrusion process normally contributes to strong texture following the thermomechanical process. It was found that, the material extruded at higher temperature presents the typical extruded Mg alloy texture than at low temperature. At 250°C, the maximum of the basal plane is shifted to 60° orientation and the grains tend to rotate to align the basal plane parallel to the extrusion direction. Elsayed et al. [33] added that PM Mg-Al-Mn-Ca and Mg-Al-Zn-Ca-La alloys showed improved mechanical response compared to IM alloys corresponds to the effect from spinning water atomization process (SWAP) of the alloy powder. SWAP process produces very high solidification rates of about 10 6 K/s and led to refine microstructures and supersaturation of alloying elements.
Conclusions
The review presented here acknowledge the increasing demand to manufacture Mg product by using less complex technique. The use of powder metallurgy technique is increasingly applied in preparing Mg products. With the correct parameter especially in compaction and sintering process, PM Mg alloy showing significant improvement in strength, and fibre texture weakening. The brilliant result associated with grain refinement and the presence of second phase particles developed during the PM processing route. It is the less complex and near net shape production of these processes that is of most interest, which could lead to the wider acceptance of PM Mg components.
